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Introduction
Behavioral flexibility (BF) refers to the ability to adaptively modify behaviors when changes in 71 environmental demands occur, and is one of the core processes of executive function. BF is 72 made up of several distinct processing mechanisms including the extinguishing of a response, 73 inhibition, reversal learning, set-shifting and has been associated with creative ability [1, 2] . Two 74 commonly used tests of BF include the Stroop Color-Word Test (measuring cognitive inhibition) 75 [3-5] and the Wisconsin Card Sorting task (measuring set-shifting) [1, 6] . 76 Impairments in tasks measuring BF have been reported in the clinical domain, for example in 77 schizophrenics [1] , OCD patients [7], stimulant addicts [8] , frontal lobe patients [9] , and in those 78 suffering from Williams syndrome [10] . Importantly, many of these individuals have reportedly 79 high levels of the personality trait impulsiveness [11] . One core feature of impulsive-related 80 behavior is a deficiency in reversal learning and response inhibition, two specific subdomains of 81 BF [12, 13] . 82 Alongside neuropsychological tools, there have been several attempts to capture impulsivity 83 using self-report scales. Arguably one of the most commonly adopted and cited scale of 84 impulsiveness is the Barratt Impulsiveness Scale (BIS-11) [14] . Higher scores on the BIS-11 85 have been found to be predictive of poorer performance on tests of executive function/BF [15-86 18]. Furthermore, causal links have been found between impulsiveness, and biological markers 87 (e.g. neurotransmitters; [19] ), including the brain's primary fuel glucose. 88 For example, increasing the level of blood glucose by supplementation can reduce impulsive-89 related choice behavior [20] [21] [22] . Moreover, hypoglycemia (i.e. low blood glucose) has also been 90 linked to impulsive related acts such as criminal behavior, sexual promiscuity, behaving 91 5 recklessly, and the likelihood of initiating and terminating alcohol and nicotine use [23] [24] [25] [26] . 92 Glucose supplementation has also been used to improve cognitive performance, primarily in the 93 areas of memory and attention [27] [28] [29] [30] [31] [32] [33] , but more recently, also in tasks assessing executive 94 function and BF (indexed by performance on the Stroop) [ study 2) were recruited in the study that was approved by the ethics committee of Sunway criteria. Approximately 10% of prospective participants who were contacted to volunteer in 149 taking part in the study did not fulfil the eligibility requirements. Exclusion criteria included 150 those individuals who declared they were consuming at least two cups of coffee a day on a 151 regular basis, suffering from diabetes, and/or had other forms of glucose intolerance. After 152 screening and prior to participation, each volunteer signed an informed consent form. 160 This task is believed to measure selective attention, response inhibition and cognitive flexibility.
Stroop Color-Word test

161
Participants were required to determine the color that words appeared in (see Fig.1 ). In some 162 trials, the words would correspond to actual color names. When this was the case, participants 
Berg's card sorting test 169
This task is an adaptation of the Wisconsin Card Sorting Test (WCST) and measures complex 170 executive functioning such as planning, cognitive flexibility, response inhibition, numerical skills 171 and rules induction [62] . Participants were required to categorize cards based on the pattern 172 appearing on them (see Fig.1 ). Each pile of cards had a different color, number and shape. A The BIS-11 is a thirty-item self-report questionnaire designed to measure the personality trait of 180 impulsivity [63]. Each item is rated on a 4-point Likert scale that ranges from 1 (rarely / never) to 181 9 4 (almost always / always). It is scored to yield a total score, three second-order factors (i.e. 182 attentional, motor and nonplanning) and six first-order factors (i.e. attention, motor, self-control, 183 cognitive complexity, perseverance and cognitive instability). Higher scores indicate higher 184 impulsivity. The Cronbach's alpha for the current sample for total score was .79 and for each 185 second-order subscales was .65 for attentional, .56 for motor and .67 for non-planning, similar to 186 those previously reported [64] Test-retest reliability after a month interval for the total score and 187 subscales scores has been found to be moderate (i.e. 0.61 to 0.83) [64]. (study 1). Participants were instructed to refrain from eating and drinking for three hours (i.e.
196
fasting; for at least 180 minutes and no longer than 195 minutes) before their blood glucose was 197 sampled (study 1). In study 2, blood glucose measurements were taken from participants having 198 refrained from eating and drinking for two hours (i.e. postprandial; for at least 120 minutes and 199 no longer than 135 minutes) instead of three hours as in study 1. A second blood glucose 200 measurement was taken 15 minutes after having consumed a 15g glucose beverage. was to capture variability in BF due to increased postprandial blood glucose. To avoid potential 217 expectation bias of drinking a glucose beverage, we instructed participants that they may receive 218 either a glucose drink or a placebo, even though this was not the case. To avoid this potential 219 bias, in a prior small pilot study (i.e. n=20), we administered the same drink used during testing 220 and found that when participants were asked whether they thought they had consumed a glucose 221 drink or a placebo, the response rate for the glucose drink was at chance factor (i.e. 54%). Fifteen 222 minutes after the glucose drink, a second blood glucose measurement was taken and cognitive 
254
In the first step of the analysis, we added the measure of BIS-11 total score (i.e. impulsiveness) 255 as predictor. In the second step of the analysis, we added fasting blood glucose levels (eating and Table 2 . Neither BIS-11 total score nor fasting 260 blood glucose levels contributed significantly to the regression model for any of the four criterion 261 variables. It has been suggested [66] that the BIS-11 total score may be an imperfect measure of 262 impulsivity, thus we ran additional analyses exchanging the BIS-11 total score with three 263 subdomains of impulsivity, namely attention, motor and non-planning (which individually 264 contribute to the BIS-11 total score). Results of these analyses were also non-significant.
265
To sum up, and contrary to our predictions, neither impulsivity nor fasting blood glucose levels 266 could account for variability in behavioral flexibility (BF) performance. 
Study 2 268
An independent sample t-test was conducted to assess whether blood glucose levels were 269 different between participants in experiment 1 and those in experiment 2 (3 hours fasting versus 2 270 hours postprandial). This analysis was carried out to ensure that the instructions to refrain from 271 eating or drinking for either two or three hours did in fact result in differential blood glucose 
286
In the first step of the analysis, we added the measure of BIS-11 total score (i.e. impulsiveness) as 287 predictor. In the second step of the analysis, we added blood glucose levels after a glucose drink.
288
In the third step of the analysis, we added changes in blood glucose from postprandial (time 1) to 289 time 2 (following the sugary drink). The four dependent variables are the same as in experiment 290 14 1. The summary of the hierarchical multiple regression results is presented in Table 3 and Figure   291 3. BIS-11 total score, blood glucose levels after a glucose drink, and changes in blood glucose p<0.001. 302 We then looked at perseverative errors in the Pebl's Berg Card sorting task, as this represents a Therefore, the lower the blood glucose increases from time 1 to time 2, the better the BF 312 performance. Moreover, higher postprandial blood glucose levels (time 1) were predictive of 313 15 lower changes in blood glucose from time 1 to time 2. In fact, participants in the top quartile of 314 postprandial blood glucose concentrations (7.85 mmol/l) had an average increase in blood 315 glucose at time 2 of 1 mmol/l, whereas those in the bottom quartile (4.51 mmol/l) an average 316 increase of 2.3 mmol/l. These differential responses were in turn related to fewer total and 317 perseverative errors on the WCST (see Fig.4 ). A simple linear regression analysis confirmed that 318 blood glucose levels between the postprandial measurement (time 1) and the difference between 319 time 1 and time 2 were negatively correlated, r= -.533, n=40, p= < .001. This finding is surprising 320 given that, for example, fasting blood glucose levels have been reported to have a positive 321 correlation with postprandial measurements [67] . 
Discussion
334
The current investigation had four principal objectives: (1) to further our understanding of the 335 relationship between impulsiveness and behavioral flexibility (BF) (study 1 and 2); (2) to 336 explore whether fasting blood glucose levels can be used to predict BF (study 1); (3) to examine 337 whether glucose levels measured following glucose supplementation from a postprandial state 338 can explain BF performance (time 2); (4) to investigate whether blood glucose changes from a 339 postprandial state (time 1) to blood glucose measured following the intake of a sugary drink (time 340 2) can further be used to predict BF (study 2). To answer these questions, we devised two 341 separate experiments. In study 1, we found that neither impulsiveness nor fasting blood glucose 342 levels could account for variation in performance of the BF tasks (WCST and the Stroop task). In 343 study 2, we found that higher levels of impulsiveness could predict increased number of errors on 344 the WCST but not on the Stroop task. Moreover, we found that blood glucose levels measured 15 345 minutes after the sugary drink intake did not explain significant improvements on the WCST nor 346 on the Stroop. Importantly, however, lower increases in blood glucose from postprandial blood 347 glucose to 15 minutes after the glucose drink were related to a reduction in the number of errors 348 on the WCST but not on the Stroop.
349
At first glance, the findings that impulsiveness could predict BF in experiment 2 but not in 1 350 seem puzzling, particularly given that mean scores on the BIS-11 were almost identical in both 351 studies. However, because participants in study 1 and 2 differed on the basis of their fasting 352 versus postprandial blood glucose profile, and on whether they received additional glucose prior 353 to cognitive testing, these data should be interpreted taking these methodological differences into However, in the above studies no measures of blood glucose concentrations were taken, and 360 presumably most participants would have performed tasks of BF in a non-fasting and/or non-361 postprandial plus glucose intake state. Therefore, our data indicate that high impulsiveness is 362 predictive of impaired BF performance in individuals who perform the task during their 363 postprandial blood glucose levels plus glucose supplementation (more naturalistic state) but not 364 in those in a fasting state. 365 We hypothesized that fasting blood glucose (study 1) could predict BF performance, however, 366 this was not the case. Previous investigations which have reported a link between executive 367 function and fasting blood glucose have been based on diabetic patients either hypoglycemic at 368 fasting (i.e. <3.0 mmol/l) or hyperglycemic (i.e. >7.00 mmol/l). Blood glucose values at fasting 369 below or above these thresholds negatively impact cognition. Some studies have shown that 370 fasting blood glucose levels in a healthy, younger population below 4.1 mmol-l were detrimental 371 to executive function (although not BF specifically) [68] . It would thus appear that fasting levels 372 in the 5.5 mmol/l ± 0.9 range, as in the current study, bring about comparable BF performance 373 across participants. This is in agreement with a large study in an elderly cohort whereby no 374 association was found between fasting glucose levels in the 5.14 mmol ± 0.78 and executive 375 function [69] . In contrast, our findings disagree with a recent study in which older, healthy 376 participants with higher fasting blood glucose levels in the 4.91 mmol/l ± 0.57, showed impaired 377 executive function performance [70] . However, it should be stressed that there are inherent 378 difficulties in comparing the findings from studies in which young and older adults were 379 employed due to different gluco-regulatory profiles and particularly because we know that 380 characteristics such as age, BMI (body mass index) and a history of prior disease can negatively 381 influence cognitive performance [71] . 382 In study 2, we also found that blood glucose measured following the intake of a sugary drink 383 (time 2) from a postprandial state did not account for variability in BF performance, as per our 384 hypothesis. This finding suggests that once a certain blood glucose threshold has been reached (in 385 our study 7.6 mmol/l ±1.2), BF performance is unaffected. These results are not particularly 386 surprising given that previous investigations have shown that cognitive improvements in 387 memory, attention and executive function are only found when participants blood glucose levels 388 raise to approximately 8.9 to 10 mmol/l, and when contrasted to placebo groups with fasting 389 blood glucose levels of 4.2 to 5.3 mmol/l [72, 73] . Because all participants in our study 2 did take 390 the glucose drink, and because their baseline postprandial blood glucose (i.e. pre-glucose 391 supplementation) was significantly higher, blood glucose variations across participants were 392 within a much narrower window (i.e. 7.6 mmol/l ± 1.2) than in previous studies to allow for 393 cognitive performance differences to be picked up.
394
The most noteworthy finding from this study is that the lower the change (i.e. from postprandial 395 blood glucose) in blood glucose levels following the consumption of a 15-g glucose drink, the depending on whether younger or older adults are examined, respectively (see [56] for meta-403 analysis; [74] for review). Previous studies have also adopted to administer the glucose tolerance 404 test (i.e. overnight fasting followed by the ingestion of a 75-g glucose drink) in a separate session 405 as a measure of glucose regulation. Whilst this method can be used as a diagnostic tool for type 2 406 diabetes, we aimed to use a smaller glucose dose as a more naturalistic indicator (15-g or 407 equivalent to a glass of soda) of an individual's intake prior to performing a cognitive related task 408 in an everyday setting.
409
Further analyses of our data also showed that higher postprandial blood glucose levels were 410 predictive of smaller changes in blood glucose levels following glucose supplementation. This is 411 in contrast with a previous study in which high fasting blood glucose levels were predictive of 412 high postprandial blood glucose [67] . Because we measured glucoregulation from a postprandial 413 state and not a fasting one, a direct comparison with the above study cannot be made. 414 Importantly, however, our data suggest that glucoregulation is a mechanism that is at least 415 partially modulated by postprandial glucose levels, rather than being independent from it. Future 416 studies would need to identify participants with similar postprandial profiles (i.e. within a 417 1mmol/l range as opposed to over 2mmol/l in this study) to find out whether glucoregulation is 418 independent from postprandial glucose levels in affecting BF performance. 419 Finally, in both experiment 1 and 2, impulsiveness, fasting blood glucose levels, glucose levels 420 at time 2 and changes in blood glucose following the intake of a 15-g glucose drink did not 421 account for variability in Stroop performance. Nevertheless, our findings may be explained by the 422 observation that although there is great overlap between the neuronal substrates that determine 423 performance on the WCST and Stroop, there is also some evidence to suggest that performance 424 on the Stroop task relies more heavily on the anterior cingulate cortex (ACC) [75-77], whereas 425 20 performance on the WCST on the dorsolateral and ventromedial prefrontal cortex [78] [79] [80] . 426 Cognitively there is also good reason to suspect the task tap different processing mechanisms. For 
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Second, as meal composition intake prior to measuring fasting (study 1) and postprandial (study 436 2) glucose levels was not monitored, there may have been effects of eating food with different 437 protein, carbohydrate, fat and micronutrients on BF performance unrelated to absolute blood 438 glucose concentrations per se, but for example due to variation in glucose metabolism, glucagon 439 to insulin ratio, hormonal and mood effects [83] . 440 In conclusion, our findings provide support for a larger body of knowledge which links 441 impulsiveness and glucose regulation to executive function and extend to the domain of BF 442 specifically. Additionally, the effect of glucose regulation on BF was mediated using more 443 naturalistic glucose dosages than in previous investigations, and was partially affected by 444 participants' postprandial blood glucose profile. 
